In the present study, the subgrid-scale (SGS) eddy-viscosity model developed by Vreman [Phys. Fluids 16 (2004) 3670] and its dynamic version [Phys. Fluids 19 (2007) 065110] are tested in large-eddy simulations (LES) of the inhomogeneous turbulent flow in a full passage of Francis turbine. Distributions of pressure, velocity and vortices as well as some flow structure are gained, which is helpful to examine the performance of SGS model for complex turbulent flow and understand the flow characters in full passage of Francis turbine.
Introduction
An accurate prediction of turbulent flow inside/over a complex geometry has been one of the most important issues in fluid mechanics. In large eddy simulation (LES), the Smagorinsky subgrid-scale (SGS) eddy viscosity model with a constant model coefficient has been widely used, especially due to its robustness and simplicity. However, due to the intrinsic weakness of the Smagorinsky model itself that the eddy viscosity is not zero even for simple laminar shear flow, the model coefficient determined from the dynamic approach [1] (e.g., dynamic Smagorinsky model (DSM)) should vary in space to provide appropriate amounts of SGS dissipation. This spatial variation of the model coefficient sometimes results in numerical instability, and thus the model coefficient is obtained after averaging over homogeneous direction(s) in the flow field and/or after ad hoc clipping. In other words, the use of DSM had been limited only to turbulent flow with homogeneous direction(s). Recently, Vreman [2] suggested a SGS eddy viscosity model (denoted as the Vreman model) which guarantees theoretically zero SGS dissipation for various laminar shear flows. This property of the Vreman model is certainly superior to that of the Smagorinsky model. Park et al. [3] recently showed that by a priori and a posteriori tests, the optimal Vreman model coefficient predicting accurate flow statistics is not universal and needs to be dynamically determined according to the flow. They proposed a dynamic procedures for the determination of the model coefficient based on the Germano identity applied to the SGS stress tensor. In many engineering applications, accurate predictions of transient flows become more and more important. Thus, the applicability of the dynamic global models to transient turbulent [4] are tested in large-eddy simulations (LES) of the turbulent flow in a full passage of Francis turbine by comparison to the data using the DSM model. The new LES framework yielded excellent agreement for the mean velocity and pressure, and is better than the more traditional Smagorinsky-based SGS model. This appears to be the first test of this class of model to flows without any homogeneous flow directions, which is typical of flows in complex geometries.
Numerical method
Applying a filter operation to the continuity equation and incompressible Navier-Stokes equations, the filtered equations are obtained as
where , i up and  are the filtered velocity, the filtered pressure and the kinetic viscosity respectively,
the SGS stress tensor. A standard Smagorinsky model for SGS stresses is written as:
On the other hand, the Vreman model [2] determines t  in the following form: 
where C is the Vreman model coefficient and m  is the characteristic filter width in the mth direction. Park et al. [3] and You et al. [4] have showed that the model coefficient C used in the above model, [4] . According to this model, the model coefficient is estimated as:
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In the above formulation,  represents test filtered quantity. The above model will be referred as Dynamic Vreman model (DVM) in the subsequent sections.
Results
The computational domain is full blade passage of Type-HLA551-LJ-43 Francis hydroturbine model shown in Figure 1 , which consists of spiral case, stay vanes, guide vanes, blades, and draft tube. The rated speed and flow is 600 r/min and 0.7 m 3 /s, respectively. The computational case is the small opening condition(attack angle is 72.5°). The mesh in the full passage and blade passage are approximately 38 millions and 12 millions. The time step is 0.0005 s, total computational time is 2.0 s, and the rotating speed is increasing gradually. The results in the paper are statistical value of the last 0.5 s (equivalent to 5 circle of runner rotate). vane due to impinged by flow. However, when flow entering into blade passage, a very low pressure region on the suction surface near the inlet tip of blade comes into being, on the counter, a very high pressure zone on the pressure surface near the outlet trail of blade, which is suggested that the pressure surface is not impinged by the flow in the small opening condition. It is also shown the velocity is nearly uniform along the circumferential direction. Figure 3 is the contour of pressure on the surface of runner blade. On the suction surface, there is a high pressure band nearly the blade outlet from the runner crown to the runner band, which is suggested that a low velocity streak is come into being due to the strong swirl flow in the blade passage. Also, the pressure is very high along the runner band, which is caused by the impingement of fluid. On the pressure surface, expect for a low pressure region streak in the inlet, the gradient of pressure is nearly uniform from the upstream to downstream. 
